abbreviatioNs DTS = dural tail sign; T1W = T1-weighted. submitted November 4, 2014. accepted May 7, 2015. iNclude wheN citiNg Published online December 11, 2015; DOI: 10.3171/2015.5 obJective The goal of this study was to investigate the significance of contrast-enhanced T1-weighted (T1W) MRIbased 3D reconstruction of dural tail sign (DTS) in meningioma resection. methods Between May 2013 and August 2014, 18 cases of convexity and parasagittal meningiomas showing DTS on contrast-enhanced T1W MRI were selected. Contrast-enhanced T1W MRI-based 3D reconstruction of DTS was conducted before surgical treatment. The vertical and anteroposterior diameters of DTS on the contrast-enhanced T1W MR images and 3D reconstruction images were measured and compared. Surgical incisions were designed by referring to the 3D reconstruction and MR images, and then the efficiency of the 2 methods was evaluated with assistance of neuronavigation. results Three-dimensional reconstruction of DTS can reveal its overall picture. In most cases, the DTS around the tumor is uneven, whereas the DTS around the dural vessels presents longer extensions. There was no significant difference (p > 0.05) between the vertical and anteroposterior diameters of DTS measured on the contrast-enhanced T1W MR and 3D reconstruction images. The 3D images of DTS were more intuitive, and the overall picture of DTS could be revealed in 1 image, which made it easier to design the incision than by using the MR images. Meanwhile, assessment showed that the incisions designed using 3D images were more accurate than those designed using MR images (ridit analysis by SAS, F = 7.95; p = 0.008). Pathological examination showed that 34 dural specimens (except 2 specimens from 1 tumor) displayed tumor invasion. The distance of tumor cell invasion was 1.0-21.6 mm (5.4 ± 4.41 mm [mean ± SD]). Tumor cell invasion was not observed at the dural resection margin in all 36 specimens. coNclusioNs Contrast-enhanced T1W MRI-based 3D reconstruction can intuitively and accurately reveal the size and shape of DTS, and thus provides guidance for designing meningioma incisions.
I n 1989, Wilms et al. 14 described thickening of the dura mater adjacent to a meningioma on contrast-enhanced T1-weighted (T1W) MRI, which was called the "dural tail sign (DTS)," "dural thickening," "flare," or "meningeal sign." In 1990, Goldsher et al. 2 developed the following criteria for the DTS: 1) presence at least 2 consecutive sections through the tumor at the same site and in more than 1 plane, 2) greatest thickness adjacent to the tumor and tapering away from it, and 3) enhancement greater than that of the tumor mass itself.
There is no consistent information on the pathophysiological mechanism of the DTS. Wilms et al. 14 found that the thickened dura is accompanied by an invasion of tumor cells and, for the first time, considered the DTS to be a marker for tumor invasion. In contrast to the study by Wilms and colleagues, Tokumaru et al. 13 believed that the DTS was mainly caused by the proliferation of connective tissue and dilation of blood vessels. Although in some patients there was found to be dural invasion by tumor cells, the invasion was confined to only within 1 mm. RokniYazdi et al. 10 found that in 34.1% of cases, the DTS was invaded by tumor cells. Kawahara et al. 5 conducted pathol-ogy studies on the attachment point of meningioma and its adjacent dura mater. They suggested that tumor cells first invade vessels, packing them at this point. Then, the adjacent dura mater becomes congested with loose connective-tissue proliferation, hypervascularity, and dilation of vessels. As a result, it is enhanced markedly, giving the DTS.
Although the mechanism by which the DTS forms in meningiomas remains controversial, it has been confirmed that at least parts of the DTS were invaded by tumor cells. 10 Because it is very difficult to accurately identify before surgery whether the DTS is due to the infiltration of tumor cells or reactive blood vessel hyperplasia, most scholars believe that the DTS should be removed to reduce tumor recurrence. 8, 9, 11, 12 Resection of the tumor and its attached dura is the main treatment for meningioma. It is generally believed that the postoperative recurrence of meningiomas is closely related to resection grade. 4, 11, 15 It has been reported that the recurrence rate at 5 years was 9% for Simpson Grade I excision, 19% for Simpson Grade II excision, and 29% for Simpson Grade III excision.
15
Because parts of the DTS in meningiomas are very long and/or have irregular edges, the incisions might not be large enough to include the entire DTS. This is likely to cause incomplete resection of the DTS and induce tumor recurrence. We conducted contrast-enhanced T1W MRI-based 3D reconstruction of the DTS on 18 cases of convexity and parasagittal meningiomas between May 2013 and August 2014 in the Department of Neurosurgery at Linyi People's Hospital. The results revealed that 3D reconstruction can intuitively and accurately reveal the DTS, aid in the design of the incision, and increase the complete resection rate.
methods clinical data
We received approval for this study from the Linyi People's Hospital ethics committee and obtained informed consent from patients. Between May 2013 and August 2014, 18 cases of convexity and parasagittal meningiomas with the DTS, as shown on contrast-enhanced T1W MRI, were selected. After obtaining the consent of patients and their families, preoperative 3D reconstruction of the DTS was conducted to guide design of the surgical incision and plan the resection of dura mater. Of the 18 patients, there were 12 cases with convexity meningiomas and 6 cases with parasagittal meningiomas. The tumor diameters ranged from 1.2 to 5.3 cm (3.4 ± 0.76 cm [mean ± SD]). There were 13 women and 5 men who ranged in age from 26 to 62 years (mean 52.3 years).
three-dimensional reconstruction of dts
Four to eight positioning markers were affixed to the patient's head to prepare for the subsequent neuronavigation. After injection of Gd-DTPA enhancer, the Siemens Verio 3-T superconductive MR unit was used for the 3D fast low-angle shot T1W multiplanar image reconstruction serial axial scans at a thickness of 1.5 mm.
The data were then imported into the syngo MR B17
(Siemens) that came with the Siemens Verio workstation and were opened with a 3D task card. Three-dimensional reconstruction was conducted using the surface-shaded display functions. 1 The syngo 3D cutting tools were used to virtually strip the scalp and skull. Then, the maximum intensity projection and volume rendering for tissues were used to reveal the dural structures.
measurement of dts
The vertical diameters of the DTS were measured in the contrast-enhanced coronal T1W MR images, and the anteroposterior diameters were measured in the contrastenhanced axial T1W MR images of the convexity meningiomas and the sagittal scan images of the parasagittal meningiomas. The vertical and anteroposterior diameters were also measured in the 3D reconstruction images of DTS. All measurements were completed independently by 1 senior neurosurgeon.
Incision Design and Verification With Neuronavigation
The images were imported into an electromagnetic neuronavigation workstation. The patient received general anesthesia, a head frame was installed, and a magnetic launcher was connected. A navigation probe was then used to register each marker, and images were automatically displayed on the system with a control error < 2.0 mm.
A horseshoe incision was adopted for all patients. To fully reveal the DTS, the incision should be 2 cm larger than both the vertical and anteroposterior diameters (e.g., if the DTS is 4 × 5 cm, the incision should be 6 × 7 cm), which would ideally reveal a normal dura 1 cm around the DTS (Fig. 1A) . The surgical incision was designed separately by 2 randomly selected senior neurosurgeons. One neurosurgeon designed the incision based on the 3D reconstruction of the DTS. In this case, the borders of the DTS and the tumor were identified with neuronavigation, and the pros and cons of the incision were evaluated. As a control group, after eliminating marks of incision, the second neurosurgeon designed the incision based on a contrast-enhanced T1W MR image. Again, the borders of the DTS and the tumor were identified with neuronavigation, and the incision was evaluated (Fig. 1) .
In evaluating the incision, cases in which the distance from the DTS boundary to the incision was ≥ 0.5 cm were considered excellent (Fig. 1A) ; those < 0.5 cm were considered good (Fig. 1B) , cases with a DTS that extended beyond the incision were considered fair (Fig. 1C) , and cases in which the incision did not completely encompass the tumor were considered poor (Fig. 1D) .
results three-dimensional reconstruction of the dts
Preoperative 3D reconstruction of the DTS in 18 patients successfully revealed the overall picture of the objects. The 3D images were very distinct and more intuitive than cross-sectional images. In most cases, the DTS around the tumor was uneven, and parts of it around the dural vessels presented longer extensions. In only a few cases did the DTS exhibit relatively regular edges. Some small multiple meningiomas, which were often ignored on MRI, displayed more clearly on 3D reconstruction of the DTS. Moreover, 3D reconstruction of the DTS could illustrate the blood supply, venous return, and its relationship with the neighboring sinus (Fig. 2) .
Comparison of DTS Revealed by 3D Reconstruction versus contrast-enhanced t1w mri
The mean vertical diameter of the DTS in 18 cases measured in contrast-enhanced T1W MR images was 4.55 cm, whereas that in 3D images was 4.58 cm; the difference between these 2 groups was not significant (ttest using SAS [version 9.2; SAS Institute], t = -0.09; p = 0.930). The mean anteroposterior diameter measured in the contrast-enhanced T1W MR images and in the 3D images were 4.73 cm and 4.78 cm, respectively; the difference was not statistically significant (t-test using SAS, t = -0.11; p = 0.915) ( Table 1 ). These results suggest that the size of the DTS revealed by 3D reconstruction versus contrast-enhanced T1W MRI was consistent (Fig. 3) .
Guidance by MR Images Versus 3D Images of DTS in incision design
It is difficult to design an incision based on the MR image; axial, coronal, and sagittal planes must be consulted. The assessment of the incision showed that there were 2 excellent cases and 8 good cases. In 5 cases, DTS appeared to extend beyond the incision, and in 3 cases, the incision did not completely encompass the tumor. However, the 3D images of DTS were more intuitive, and the overall picture of the DTS could be revealed in 1 image, which made it easier to design the incision (Fig. 4) . The evaluation results showed that there were 7 excellent cases and 9 good cases, and only 2 cases presented a DTS extending beyond the incision (Table 2 ). These results indicated that the incisions designed using the 3D images were more accurate than those designed using the MR images (ridit analysis using SAS, F = 7.95; p = 0.008).
surgery
After using neuronavigation to adjust the incision, the craniotomy was performed and the dural incision was made along the periphery of the DTS. Neuronavigation guidance was used to remove the tumor as well as the DTS. Among the 18 cases of meningiomas, complete resection of the tumor and DTS was accomplished in 16 cases (including 1 patient who underwent partial resection of the sagittal sinus wall and repair using an artificial dura because the sinus was invaded by the tumor), and 2 patients underwent dural coagulation because the DTS extended to the surface of the sagittal sinus wall.
histopathological examination
Gross morphological observation of the DTS indicated that 14 (77.8%) cases were obviously accompanied by an invasion of tumor (Figs. 4E and 5). Due to the unequal DTS around the tumor, we chose the longest and shortest parts for pathological examination in this study. The length of 36 embedded dural specimens ranged from 3.8 to 26.5 mm (mean 10.1 ± 5.1 mm). Thirty-four dural specimens displayed tumor invasion, vascular proliferation, and dilation (Fig. 6) , and the other 2 specimens (from the same tumor) demonstrated vessel proliferation without tumor invasion. The distance of tumor cell invasion was 1.0-21.6 mm (mean 5.4 ± 4.41 mm, measuring on tissue sections). 
Fig. 3. Convexity meningiomas. Measuring anteroposterior diameter of the DTS on axial image (a) and vertical diameter on coronal image (b). Measuring anteroposterior and vertical diameters of the DTS on the 3D image (c). Parasagittal meningiomas.

Measuring anteroposterior diameter of the DTS on axial image (d) and vertical diameter on coronal image (e). Measuring anteroposterior and vertical diameters of the DTS on the 3D image (F).
In a few cases, tumor cell invasion almost reached the outer edge of the DTS (Fig. 4E ). Tumor cell invasion was not observed at the dural resection margin in all 36 specimens.
discussion
Contrast-enhanced T1W MRI-based 3D reconstruction is a new noninvasive imaging technique that has been developed in recent years. It can clearly reveal the structure of the brain surface and present the relationship between lesions and their surrounding normal nerves and vessels. With preoperative 3D reconstruction of brain tissues, we can more fully understand the meningioma blood supply, venous return, and invasion of the neighboring sinus and its relationship with the surrounding normal brain tissues. This provides guidance for the design of a surgical incision and protection of important structures. 1, 3, 6, 7, 16 To our knowledge, no published reports have focused on 3D reconstruction of the DTS. In this study, contrastenhanced T1W MRI was used because it presented very clear images of the DTS. Continuous axial scanning was performed after injection of a contrast agent, and 3D reconstruction of the DTS was developed. The results showed that the overall picture of the DTS can be revealed in 1 image. The image was very clear and intuitive, revealing that in most cases the DTS around the tumor was uneven and usually extended farther around the dural vessels, which is sometimes very difficult to observe on sagittal, coronal, and axial planes on enhanced MRI (Figs. 2A and E, 3C and F). Moreover, 3D reconstruction of the DTS could present multiple meningiomas more clearly, particu- Referred to 3D images 7 9 2 0 18 * F = 7.95; p = 0.008; ridit analysis using SAS. larly the small lesions around the main tumor which were often ignored on MRI (Fig. 2C) . Can 3D reconstruction display DTS accurately and fully? This study showed that there was no significant difference between the vertical and anteroposterior diameters obtained by 3D reconstruction and the contrast-enhanced T1W MRI. This suggested that the size of DTS obtained by 3D reconstruction and by contrast-enhanced T1W MRI were consistent with each other.
The pathophysiological mechanism of the DTS is still controversial. Some authors believe that the DTS is often accompanied by tumor cell invasion. 10, 14 Others argue that the DTS is mainly caused by the proliferation of connective tissue and dilation of blood vessels. 5, 13 According to the present study, gross morphological observation of the DTS indicated that 14 (77.8%) cases were obviously accompanied by an invasion of tumor cells, whereas 34 (94.4%) dural specimens displayed tumor invasion, vascular proliferation, and dilation under microscope. The longest invasion distance reached 21.6 mm (Fig. 5) . The actual distance of tumor invasion might be more than that because the tumor and DTS shrank while undergoing excision, formalin fixation, and paraffin embedding. It is important to note that tumor cell invasion almost reached the outer edge of the DTS in a few cases (Fig. 4E) . Therefore, the DTS should be resected with the tumor to decrease recurrence rates of meningiomas.
Planning and implementation of meningioma surgery rely mainly on guidance of sagittal, coronal, and axial planes on CT and MRI, which are unlikely to provide an intuitive and overall picture to neurosurgeons. This study showed that it is difficult to design an incision based on the MR image alone, because there is a high incidence of incomplete coverage of the DTS and tumor. Therefore, reliance solely on the MR image is likely to result in DTS residues if no neuronavigation guidance is used.
conclusions
Compared with MR images, 3D reconstruction images are more intuitive. Also, the overall picture of a DTS can be revealed in 1 image, which makes it easier to design an incision. After performing the craniotomy, the dural incision can be made along the periphery of the DTS based on the 3D images, and ultimately, the tumor and invaded dura can be completely removed. Thus, 3D images of DTS have a high application value and are especially suitable for hospitals that do not have a neuronavigation system. 
